This paper presents a preliminary research about a newly developed glass-steel composite created with diffusion welding of glass (C49-1) and carbon steel (St3sp). The main conclusions on the process of forming a diffusion zone during the welding of glass and steel are made. The results of quasi-static and cyclic mechanical tests and corrosion investigations are presented and interpreted on the basis of the microstructure developed during diffusion welding and described in this article. Keywords: hardening of glass, diffusion welding, glass-steel composite material, tensile tests, cyclic tests, fatigue, corrosion, microstructurê lanek predstavlja uvodne raziskave novo razvitega kompozita steklo-jeklo, izdelanega z difuzijskim varjenjem stekla (C49-1) in ogljikovega jekla (St3sp). Postavljeni so glavni zaklju~ki o postopku nastajanja difuzijske cone med varjenjem stekla in jekla. Na osnovi razvoja mikrostrukture pri difuzijskem varjenju so predstavljeni in razlo`eni rezultati kvazi stati~nih, cikli~nih mehanskih in korozijskih preizkusov. Klju~ne
INTRODUCTION
Glass shows a diverging behavior for different kinds of deformation. On the one hand, it has a relatively high compressive strength; however, on the other hand, it has a relatively low tensile strength. The values for the compressive strength of glass are in the range of 500-1250 MPa. So, when working in the compressive mode, glass can compete with the structural-grade carbon steel. At the same time, the tensile strength of glass is much lower: 30-50 MPa. 1, 2 This is due to the fact that the strength of glass is largely dependent on the state of its surface. The most well-known methods for the hardening of glass allow the creation of compressive stresses in the surface layers of glass (glass hardening, ion exchange, surface crystallization) and surface hardening (mechanical polishing, removal of the defective surface layer by etching the glass, application of protective coatings). It is proposed to study the methods, which allow the hardening of glass by eliminating not only the surface micro-defects but also the internal micro-defects, as well as providing insulation from the effects of the environment. 3, 4 As a result, the composite material would be larger and stronger. Diffusion welding 5 is used widely for joining the elements of simple configuration. It finds a wide application in electronics, aviation and other industries. However, despite the extensive study of the mechanism interaction of various materials during the diffusion welding, a general theory about the relationship between glass and metal has not yet been developed.
The aim of this study is to investigate the mechanical and corrosive properties of this newly developed glasssteel composite material. Therefore, quasi-static, cyclic and potentiodynamic polarization tests are carried out. Furthermore, light microscopic studies are performed to build the basis for microstructure-oriented assessments of the mechanical and chemical results.
EXPERIMENTAL METHODS

Processing of glass-metal composites
The rod was made as illustrated in Figure 1a . The mobile cover (3) provides holes for gas outlets and the possibility for a forward movement along the longitudinal axis of the shell (2) . The movement of the cover (3) is dependent on the shrinkage of the rod (1) during the heating process.
The technological regime (pressure during diffusion bonding p = 0.25 MPa) is divided into six stages (Figure 1b ). In the first step, which corresponds to the interval (0, t 1 ), the composite rod is heated from T 0 = 20°C to the temperature of welding T w (around 800°C). Given the limited deformation ability of glass to produce a lasting connection, T w = T g , where T w = (0.4 … 0.6) T m , with T g as the temperature of glass softening and T m as the temperature of the melting metal from which the shell (2) was made. In the interval (t 1 , t 2 ), T w is maintained, providing a reliable connection between glass and steel. It is then cooled down to the temperature of annealing T rel . To reduce the initial stress, the annealing is carried out in the interval (t 3 , t 4 ). This is a necessity at such temperatures, as the viscosity is still quite low, for example, h"= 10 12 Pa s; the residual stresses are removed after 15 min and, with h" = 10 13.5 Pa s, after 4 h. In the interval (t 4 , t 5 ), the required cooling is carried out up to T 1 , with a rate of 3-5 K/min. After h' » 10 15 Pa s, the residual stresses in the glass do not disappear so that at the last stage -the sixth stage -a more rapid cooling at 15-25 K/min is possible.
Microscopy
The microstructure of the hybrid material was investigated with light microscopy. Therefore, slices of the specimen were cut off using a cutting wheel. Before using a microscope, these slices were cold mounted, ground and polished.
Tensile and fatigue testing
The quasi-static properties with respect to the compression, tension and torsion of the glass-metal composite, consisting of chemical-laboratory glass brand C49-1 (3C-5Na) and carbon steel St3sp, were determined using a tensile testing system (Shimadzu, 1000 kN, UH-I) Carbon steel St3sp comprises the following quantities of the alloying elements: 0.14-0.22 C; 0.15-0.30 Si; 0.4-0.65 Mn; £0.05 S; £0.04 P; £0.3 Cr; £0.3 Ni; £0.3 Cu; £0.08 As; £0.01 N.
The geometries of the specimens and their dimensions are shown in Figure 3 and Table 1 , respectively. For the investigation of the fatigue behavior, loadincrease tests and constant-amplitude tests were performed. 6, 7 The specimens were subjected to a stress ratio of R = -1 and a frequency of f = 10 Hz using sinusoidal load-time functions at room temperature. For the dynamic tests, the specimen geometry shown in Figure  3b was used. In order to measure the total strain and to determine the plastic-strain amplitude, an extensometer was attached to the specimen. Figure 4 shows a specimen mounted onto the servohydraulic testing system (Shimadzu, 20 kN, EHF-LV20) with the attached extensometer. The testing system has the maximum load capacity of 20 kN and the extensometer has a range of ± 4.0 % of the total strain. The fatigue strength of the glass-metal composite rod for the ultimate number of cycles N limit = 2·10 6 was estimated with a stepwise load-increase test according to the measured material response and afterwards validated with constant-amplitude tests.
Corrosion testing
The corrosion behavior of the St3sp steel and of the hybrid interface was investigated with potentiodynamic polarization measurements in a 0.1 mol L -1 NaCl solution at pH7; the pH values were adjusted using a 0.1 mol L -1 KOH solution. A standard three-electrode system, consisting of a saturated calomel electrode (SCE) as the reference electrode and a graphite electrode as the counter electrode, was used for the measurements 8 . As the working electrodes, the St3sp steel and the cross-section of a round specimen (Figure 3b) for fatigue testing were used. The specimens were abraded with emery paper of 18-5 μm. Then, a copper wire was attached to the specimens and the whole specimens, except for their front sides, were embedded in the epoxy resin. Before each polarization measurement, the electrolyte was purged for 30 min with argon and afterwards the opencircuit potential was measured for 30 min. The measurements were conducted using a potentiostat (Gamry, PCI4300) at a scanning rate of 0.1 mV/s. The experimental set-up of the potentiodynamic-polarization measurements is shown in Figure 5 .
RESULTS AND DISCUSSION
Microstructure
The St3sp steel was found to have a ferritic structure with around 8 % of pearlite. After polishing and analyzing the border-welding zones of the samples, there were still no visible cracks or voids. The analysis of microsections showed the presence of a full contact without cracks or spills in the welding zone (Figure 6) . The microscopic examination of the welding zone clearly shows a development of the interaction at the boundary of the contact. A bright zone in the glass confirms this development. The results of the spectral analysis indicate a penetration of cations into the glass to a depth of 30 microns and more. This is in accordance with the results Figure 7 shows the grains in the transition area between steel and glass. It is apparent that the grain size of the ferritic structure in close vicinity of the glass is smaller than at bigger distances. The explanation for this behavior has not been found yet, but it will be a topic of further investigations of this glass-steel composite material.
Deformation behavior
By performing the compression, tensile and torsional tests, the quasi-static properties of the selected glass, the steel and the glass-steel composite were determined. The stress-strain curves for compression and tension of the composite material are depicted in Figure 8 . The results for different materials and tests are shown in Tables 2  and 3 .
The maximum compressive stress of the composite material is more than 13 times higher than the maximum compressive stress of the C49-1 glass and it is twice as high as for the St3sp carbon steel. The maximum tensile stress of the composite sample is twice as much as that of glass and half of that of carbon steel. The Young's modulus and shear modulus of the composite have intermediate values of the modules of the base materials, glass and steel. 
Fatigue beahvior
For an evaluation of the cyclic-deformation behavior and for an estimation of the fatigue strength, a stepwise load-increase test was performed with a glass-metal composite specimen as depicted in Figure 9 . During this test, the plastic-strain amplitude was measured as the parameter of the material reaction, which characterizes the proceeding fatigue damage as the basis for the estimation of the fatigue strength. 9 The estimation of the fatigue strength was validated with constant-amplitude tests, whose lifetimes (the number of cycles to failure) are shown with the S-N curve.
Starting at s a,start = 6.4 MPa, the stress amplitude was increased by 6.4 MPa each 10 4 cycles until failure. The plastic-strain amplitude e a,p increases slightly within the first nine steps, but remains almost constant within each step. In the tenth step, there is a visible increase compared to the ninth step, but the plastic-strain amplitude still does not increase within the step. This is different for the eleventh step at the stress amplitude of 70.4 MPa. In the twelfth step, there is a considerable increase of the plastic-strain amplitude and, finally, there is an exponential increase in the thirteenth step.
As the fatigue strength is linked to the first increase in the material-reaction quantity within one step, 9 the estimate from this load-increase test for the endurance limit is 70 MPa. This estimation was validated with the constant-amplitude tests with N limit = 2·10 6 as the ultimate number of cycles. Ten tests with different stress amplitudes were conducted and the results are shown as an S-N curve in Figure 10 . The highest stress amplitude used is 127 MPa, which is close to the tensile strength of 162 MPa (Table 3) for the glass-metal composite. The specimen with a load amplitude of 64 MPa reached the ultimate number of cycles without fracture.
For this set of specimens, the modified Basquin equation was found to be s a = 245 MPa (N f ) -0.09 .
If the estimation of the fatigue strength from the load-increase test (70 MPa) is compared to the highest stress amplitude without failure (64 MPa), it becomes apparent that the estimation on the basis of the plastic-strain amplitude is a very suitable tool for this composite material, with only one specimen. The stress amplitude of the highest run-out specimen is about 40 % of the tensile strength of the composite material. Figure 11 shows the Tafel plots for the steel jacket and the hybrid interface between glass and steel. The steel jacket shows a marginally less noble corrosion potential E corr than the hybrid interface. However, the corrosion current density i corr (i.e., the corrosion rate) of the glass-metal joint is approximately four times higher than that of the metal jacket. Consequently, the welding of glass and metal influences the corrosion resistance, suggesting that a glass-metal phase is formed through the welding process.
Corrosion behaviour
CONCLUSIONS
The formation of a glass-metal phase was determined with micrographs and corrosion tests. Furthermore, a dependency of the steel grains as a function of the distance to the transition zone was found. The newly developed glass-metal composite material has quasi-static properties, comparable to those of the St3sp steel. Using a stepwise load-increase test and constant-amplitude tests, the endurance limit of the composite was evaluated as 70 MPa. This value is about 40 % of its tensile strength. The corrosion rate of the composite material was ascertained to be four times higher than the corrosion rate of the St3sp carbon steel.
This glass-metal material has potential applications, especially for compressive loads, for example, in civil engineering. The analysis of the glass-metal phase, the examination of the grain-size distribution in the carbon steel near the transition zone as well as the mechanical investigations with a superimposed corrosive impact during the cyclic testing, i.e., corrosion-fatigue investigations, are planned as the further investigation steps. 
